We investigated the effect of 0-82 MPa externally applied isotropic stress on wave propagation in aeolian Rotliegend sandstones at ultrasonic frequencies in a true triaxial pressure machine. Close examination of traces as a function of applied isotropic stress, suggested the idea to describe the effect of pressure, using a simple scaling model. Two scaling parameters were used, one that stretches the time axis with and one that multiplies the amplitude in the time domain with . These parameters were both calculated as a function of pressure in the 0-82 MPa pressure range. We conclude that the scaling model very well represents the observed effects of stress. A possible physical model behind the observed scaling phenomena is discussed.
Introduction
As stated by Dake (1978) the overburden pressure in a reservoir can be equated to the sum of the fluid pressure and the grain or effective pressure. From this it follows that a decrease of fluid pressure during production can be directly related to an increase of formation pressure. In our experimental study we relate stress, in the 0-82 MPa region, to full ultrasonic wave forms. We do this to gain insight in the possibility to monitor stress in reservoirs, using time-lapse seismics. This technique measures differences in seismic response, as a result of production. We perform experiments on aeolian Rotliegend sandstone with comparable characteristics as the reservoir rock of the Dutch gas fields.
Sample specification
The test material used is an aeolian Upper Rotliegend sandstone, outcrop material quarried near Magdeburg in Germany. This sample rock was chosen because the reservoir quality is comparable to the Rotliegend sandstone of e.g. the Dutch gas reservoirs. The small Bausandstein quarry is located South of the Flechtinger Hills, 6 km north of motorway exit Eisleben, 1 km. west of Bebertal, in Germany (coordinates: -18.4' E / -14.3' N). The Flechtinger Bausandstein consists of massive crossbedded aeolian dune sandstone of medium grain size (0.25-0.5 mm). The unconfined compressive strength was determined to be 75 MPa. In Figure 1 we displayed a digital recording of a thin section. The mineralogy of this arkose consist of quartz (ca. 60%), feldspar (20%) and rock fragments (20%), cemented with calcite, indicated in Figure 1 with the numbers 3, 1, 2 and 4, respectively. The roundness of the quartz grains is subrounded. The porosity, measured from thin sections, is only 3-5%, therefore this material can be denoted as a very tight sandstone. α β
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xperimental setup
The stress experiments were carried out on the true triaxial compression machine at the Laboratory of Rock Mechanics at the Faculty of Mining and Petroleum Engineering. Each of the three axis of this machine can independently of the other axis, build up a computer controlled force to a maximum of 3.500 kN. We used 0.204 x 0.204 x 0.204 cubic Rotliegend rock samples, the maximum imposed stress on the cubes is therefore 82 MPa. It is an open system, so no pore pressure can be applied to the rock. All pressure plates, except the bottom plate are equipped with spherical seats, that allow small rotations of the pressure plates to accommodate a not perfectly parallel positioning of the sides of the cube. We used a standard loading speed of 5kN/sec. The displacements in each of the three axis directions were monitored by two linear variable differential transformers. Three ceramic piezo-electric transducers with a centre frequency of 1 MHz were mounted in each pressure plate. The transducers are maximum efficient, in sending and receiving waves in one polarization direction. In each plate the central transducer is a Pwave transducer (Panametrics V-103) and the two outer transducers are S-wave transducers (Panametrics V-153) with mutually perpendicular polarizations. The total of 18 transducers are mounted in the six pressure plates and pressed with a constant force directly on the block. This construction deviates from setups found in literature. Normally the transducers are placed outside the pressure plates. The advantage of this approach is that the stress distribution within the block is not disturbed. However, our construction improves the signal quality significantly. 
Scaling phenomena as a result of isotropic stress
The stress distribution within the cubic sample should be as uniform as possible. To accomplish this the rock sample and pressure plates are smoothed carefully. To avoid shear forces at the rocksample-pressure plate boundary as much as possible, 0.1 mm teflon sheet, with vaseline on both sides, is put between pressure plates and rock sample. To accomplish direct contact between transducers and rock sample, small holes are made in the teflon sheets. To avoid the pressure plates touching each other, the rock samples are 2 mm longer than the pressure plates. The sample-frequency in all the experiments was 10 MHz. The record length was 2048, all 16 bits samples.
Results
In the 2-82 MPa stress region, a total of 38 P-and S-wave transmission traces were measured in three perpendicular directions. The pressure difference between two traces is therefore 2.1 MPa (80/38). In Figure 2 the effect of applied isotropic stress on the transmission of P-wave traces can be seen. We observe that the propagation velocity of the Pwaves increases in the 2-82 MPa pressure range with 34%, from 3350 m/s to 4500 m/s. The amplitude increases with a factor 8, a dramatic effect. Closer examination of the traces shows that the length of the wavelet decreases with increasing stress. This observation raised the idea to describe the effect of stress using a simple two parameter scaling model. The Figures 3b and 4b are blow-ups of two traces, one at 20 MPa and one at 80 MPa isotropic stress. In these figures the already mentioned amplitude, velocity and scaling effects can be clearly seen. The traces in these figures are tapered with a 0.02 ms data window for the P-waves and a 0.033 ms window for the S-waves. The displayed data-window is actually used as the input for a Fast Fourier transformation. Figure 5 shows the amplitude spectra as a function of 2-82 MPa isotropic stress. In the spectra it can be seen that the rock sample behaves as a low-pass filter. Almost no energy with frequency higher than 1MHz is transmitted. Under the assumption that both P-and S-wave transducers generate waves with a centre frequency of 1MHz we may conclude that the high frequency components of the S-waves are more attenuated than the P-waves. Increasing the pressure, increases the amplitudes and broadens the spectra. 
Scaling
Our hypothesis is that we can scale the response of the piezoelectric transducers as a function of applied isotropic stress, using only two stress dependent scaling parameters, and . Going from pressure P=i MPa to P=j MPa (with i> j), increasing stretches the time axis with respect to t=0, and multiplies the amplitude in the time domain. We write this in general as ,
and the corresponding representation in the frequency 
Scaling phenomena as a result of isotropic stress domain as .
( 2) We determine the scaling factors and in the time domain using a least-square error. The scaling factors were determined from a high pressure trace to the next lower pressure trace. We normalized the scaling factors and , with respect to the highest pressure, P=82 MPa. Operating in this way we obtain an expression for the scaling parameters from arbitrary pressure P= j MPa to P= 82 MPa as with ,
with .
It is important to realize that we stretch the time axis with respect to t=0, the moment the source is triggered. Of course it is also possible to calculate arbitrary and from the and using and .
To determine the scaling factors we use the following normalized least-square error criterion
. (6) Now we calculate the scaling parameters and , using Eqs. (1), (3) and (4) with respect to t=0, the triggering of the source. The two parameter minimization problem is solved with a direct search method. The resolution for the and parameter is 0.001 and 0.003, respectively. In Figures 6 and 7 the calculated parameters are displayed. It can be seen that the scaling is normalized with respect to the highest pressure, P=82 MPa. Interpretation of these figures shows that the -scaling of the P-waves is a few percent higher than the scaling of the S-waves. A closer look at the calculated -scaling, parameter shows that the P wave amplitude scaling is a few percent lower than the scaling of the S-waves. Using Eq. (6) we calculate the Normalized mean squared error (NMSE). The NMSE, calculated from trace to trace is very low (<0.5%). Of course the multiplicative error will be higher. To illustrate the almost perfect fit of the scaling model, we show in Figure 8 two 'normal' and two scaled traces on top of each other. We see that the difference between the two is very small. The experiments were repeated with a Colton sandstone (Cruts , 1995) and lead to comparable scaling results. As a reference experiment a sample of white marble is used. In this case the transmissions are not affected by applied isotropic stress. 
Discussion
It is understandable that under the influence of increasing pressure the medium parameters of the rock change such that the propagation velocities also increase. However it is not directly evident why the dominant wave phenomena contract consistently with the decrease of propagation time and obtain a higher amplitude with increasing pressure. To relate the observed scaling phenomena to a physical cause two possible models can be considered. The first states that the effect is caused by a scaling of the source signal. Although the piezoelectric transducer itself stays the same 
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Frequency (10kHz) Frequency (10kHz) in all experiments, the coupling between transducer and rock sample changes as a function of the impedance of the rock, and hence changes with increasing pressure. In this model it is assumed that the true source function, the signal that actually enters the sample block, scales with the impedance of the transducer-rock boundary. Comparable effects are described in literature (Krautkramer (1983) . The second, more heuristic, explanation describes the wave propagation in the sample block in terms of scattering phenomena. Studies on dispersion in sandstones in this frequency range (Winkler, 1985) show that wave propagation velocity decreases with increasing frequency. From thin sections (Figure 1 ) we determined the diameter of the grains, as 0.5-1.0 mm. We assume that the stress increases the stiffness of the matrix and the scatterers remain unaffected. From the viewpoint of scattering theory it follows that the rigid grains embedded in a more or less homogeneous soft matrix show a frequency dependent scattering behaviour. This effect is related to the grain diameter in relation to the wavelength of the relevant frequency component. Than as a consequence of our model assumption that only the matrix velocity changes as a function of pressure it follows that the frequency related scattering behaviour changes accordingly, and hence this could explain the scaling. Up to this moment no conclusions have been drawn. Both options are open to discussion.
Conclusions
We conclude that it is very well possible to describe the effect of stress, at ultrasonic frequencies, in aeolian Rotliegend sandstone, using a simple two parameter scaling model. The scaling of the time-axis, with respect to t=0, as a function of isotropic stress is for P-waves a few percent higher than for S-waves. The amplitude scaling for the P-waves is about 25% lower than for the S-waves. We see comparable effects on Colton sandstone (Cruts et al. 1995 
